Approximately 5% of patients with drug-susceptible tuberculosis have a relapse after 6 months of first-line therapy, as do approximately 20% of patients after 4 months of short-course therapy. We postulated that by analyzing pretreatment isolates of Mycobacterium tuberculosis obtained from patients who subsequently had a relapse or were cured, we could determine any correlations between the minimum inhibitory concentration (MIC) of a drug below the standard resistance breakpoint and the relapse risk after treatment.
T h e ne w e ngl a nd jou r na l o f m e dicine A pproximately 5% of patients with drug-susceptible tuberculosis have a relapse after 6 months of first-line therapy, 1 and approximately 20% of patients have a relapse after 4 months of short-course therapy, even when regimens include a fluoroquinolone. 2, 3 Lengthy tuberculosis treatment places burdens on public health systems 4, 5 and increases the risks of toxic effects, treatment nonadherence, and development of drug resistance. 6, 7 Thus, the standard 6-month, multidrug therapy that is recommended for the initial treatment of drugsusceptible tuberculosis 8 represents a balance between the benefits and liabilities of longterm treatment and the risk of relapse associated with shortened treatments. No measures are available for reliably assigning patients with tuberculosis to different risk groups and treatment durations. 9 We postulated that drug-susceptible Mycobacterium tuberculosis might have a graded spectrum of susceptibilities that could be used to determine the risk of relapse. (If the minimum inhibitory concentration [MIC] of a drug -the lowest concentration that prevents visible growth of a bacterium -is below the standard resistance breakpoint, the bacterium is considered to be susceptible; if the MIC is at or above the breakpoint, the bacterium is considered to be intermediate or resistant.) Isolates that have a MIC that is near the standard resistance breakpoint may be less susceptible than isolates with a MIC that is far below the breakpoint.
We assessed decrements of MIC values of isoniazid and rifampin that were below the breakpoint (0.1 μg per milliliter for isoniazid and 1.0 μg per milliliter for rifampin, according to World Health Organization criteria) in pretreatment M. tuberculosis isolates obtained from patients who had a relapse or who had been cured in the Tuberculosis Trials Consortium Study 22 (development cohort). We combined this analysis with clinical, radiologic, and laboratory data to generate predictive models for relapse and then validated the models using data from patients who had a relapse or were cured in the 4-month treatment group in the DMID 01-009 study (validation cohort).
Me thods

Sample Selection
Development Cohort
From April 1995 through February 2001 in the United States and Canada, the Tuberculosis Trials Consortium of the Centers for Disease Control and Prevention conducted Study 22, 10 which involved 1004 adult patients with drug-susceptible pulmonary tuberculosis who were seronegative for the human immunodeficiency virus (HIV). All the patients had completed at least 8 weeks of standard four-drug therapy containing rifampin, isoniazid, pyrazinamide, and ethambutol. The patients were then randomly assigned to receive either once-weekly rifapentine plus isoniazid or twice-weekly rifampin plus isoniazid for an additional 16 weeks. The patients were followed for 24 months after the completion of therapy to identify a bacteriologically confirmed relapse.
We obtained M. tuberculosis cultures from all 57 patients with a confirmed relapse for whom a frozen isolate of the pretreatment sample could be located and regrown by the Study 22 team (Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). We randomly selected an equal number of control samples from pretreatment sputum samples obtained from patients who had been cured (i.e., those who did not meet the Study 22 definition of failure or relapse), plus 11 extra samples to account for possibly contaminated or failed cultures.
Validation Cohort
From April 2002 through December 2008 in Brazil, the Philippines, and Uganda, the Division of Microbiology and Infectious Diseases (DMID) of the National Institute of Allergy and Infectious Diseases conducted the DMID 01-009 study 11 involving 394 adult patients with drugsusceptible, noncavitary pulmonary tuberculosis (Fig. S2 in the Supplementary Appendix). All the patients were treated for 2 months with isoniazid, rifampin, ethambutol, and pyrazinamide, which was followed by 2 months of isoniazid and rifampin. Patients who had two negative cultures at 2 months were randomly assigned either to stop therapy (4-month group) or to receive an additional 2 months of isoniazid and rifampin.
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The patients were followed for 24 months after the end of treatment.
We obtained M. tuberculosis cultures from all 13 patients in the 4-month group with a confirmed relapse for whom a frozen isolate of the pretreatment sample could be located and regrown by the DMID 01-009 study team. We excluded 2 of the 13 relapse isolates after retesting because of culture contamination, which left 11 relapse isolates for further analysis. We randomly selected an equal number of baseline control sputum samples provided by the DMID 01-009 study team from cured patients in the 4-month group, plus 7 extra samples to account for possibly contaminated or failed cultures. Six control isolates were later excluded at retesting because of culture contamination, leaving 14 control isolates for further analysis.
We measured MIC values of isoniazid and rifampin that were below the standard resistance breakpoint in the remaining baseline isolates, except for one relapse isolate that could be tested only for MIC values of isoniazid because of contamination of the culture stocks. Full details regarding the sample-selection methods for both Study 22 and the DMID 01-009 study are provided in the Supplementary Appendix.
Culture and Drug-Susceptibility Testing
We performed drug-susceptibility testing using either TREK Sensititre 96-well plates (Trek Diagnostic Systems), with customized quantities of lyophilized drugs, or Mycobacterial Growth Indicator Tubes (BD), according to the manufacturers' recommendations. 12, 13 We measured fine gradations in the MIC values that fell below standard resistance breakpoints. We performed a series of sequential dilutions of isoniazid by a factor of 1.26 (a value derived from the formula log 2 X = 1/3) and of rifampin by a factor of 1.41 (a value derived from the formula log 2 X = 1/2) to ensure that the dilution series overlapped with the more conventional dilution by a factor of 2 at some points. The final drug concentrations tested (in μg per milliliter) were 0.013, 0.016, 0.020, 0.025, 0.031, 0.040, 0.050, and 0.063 for isoniazid and 0.016, 0.022, 0.031, 0.044, 0.063, 0.088, and 0.125 for rifampin. Additional information regarding culture, susceptibility testing, and DNA sequencing is provided in the Supplementary Appendix.
Statistical Analysis
We calculated likelihood ratios and used logistic regression to evaluate MIC values as well as other potentially influential covariates (i.e., the characteristics of patients that were recorded as part of Study 22 that describe disease severity or may predict outcomes) as predictors of relapse. 10, 14 We used multivariable models that were adjusted for the randomized treatment to evaluate predictors that were significant at the 0.2 level in univariate analysis, with the exception of the presence of bilateral disease, because such a finding was collinear with cavitation on chest radiography. All the available data were used for each analysis, with an implicit assumption that within-group data were missing completely at random. We determined that this assumption was reasonable for the observed characteristics (Tables S2, S3 , and S4 in the Supplementary Appendix).
Models were fit with the use of the Logistic Procedure (SAS Institute) on Study 22 data. The sample in the DMID 01-009 study was scored with the use of models that had been generated only with the use of Study 22 data. We used the pROC package 15 to plot receiver-operating-characteristic (ROC) curves and to calculate the area under the ROC curve (AUC) and the PredictABEL package 16 to calculate the net reclassification index (NRI) P values that compare ROC curves, both in R software, version 3.4.3 (R Foundation for Statistical Computing). We used the Bonferroni method to adjust for multiple comparisons in the analysis of the MIC values of isoniazid and rifampin. All other covariates are exploratory, and P values have not been adjusted for multiple comparisons. Complete details regarding the statistical analysis are provided in the Supplementary Appendix.
R esult s
Development Cohort
Study Patients
Of the 1004 patients who were enrolled in Study 22, a total of 803 completed follow-up or had an outcome event; 11 had clinical or microbiologic treatment failure, and 63 had a bacteriologically confirmed relapse. 10 The Study 22 team could not find or reculture the baseline M. tuberculosis T h e ne w e ngl a nd jou r na l o f m e dicine isolates obtained from 6 patients who had a relapse. Additional isolates that had been obtained from 3 patients who had a relapse were excluded after retesting in the current substudy (2 because the MIC values of isoniazid were higher than the clinical resistance breakpoint of 0.1 μg per milliliter on repeat testing and 1 because of culture contamination), which left 54 relapse isolates for further analysis. The 11 isolates that had been obtained from patients who had treatment failure were also excluded. We randomly selected 68 of 201 isolates provided by the Study 22 team from patients who had been cured. Five control samples were later excluded after retesting (1 because of isoniazid resistance and 4 because of culture contamination), which left 63 control isolates for further analysis. On the remaining baseline isolates, we performed detailed MIC measurements below the breakpoint for isoniazid and rifampin, except in cases in which contamination of the culture stocks made it possible to test MIC values of only one of the two study drugs (Fig. S1 in the Supplementary Appendix).
The clinical and laboratory characteristics of the patients in Study 22 whom we examined in our substudy are shown in Table 1 , with additional details shown in Table S1 in the Supplementary Appendix. Characteristics that were significantly associated with relapse were being underweight (defined as a weight that was ≥10% below the ideal body weight 17 ) at diagnosis, the presence of cavitation and bilateral disease on chest radiography, white race, and sputum-culture positivity after 8 weeks of treatment. The Beijing strain of M. tuberculosis (which has been associated with increased virulence and multidrug resistance) was identified in 24% of the patients who had a relapse and in 20% of those who were cured, findings that were consistent with the overall results of Study 22 and of previous studies.
Association between MIC Values and Relapse
The baseline MIC values of isoniazid in the pretreatment isolates obtained from patients who had a relapse or were cured are shown in Figure 1A. The mean (±SD) MIC of isoniazid below the breakpoint was 0.0334±0.0085 μg per milliliter among the patients who had a relapse and 0.0286±0.0092 μg per milliliter among those who were cured, which represented a higher value in the relapse group by a factor of 1.17 (95% confidence interval [CI], 1.03 to 1.33; P = 0.02 after adjustment for multiple comparisons). As compared with the relapse risk at the lowest MIC of isoniazid, the likelihood ratio for relapse generally increased with increased MIC values.
The corresponding MIC values of rifampin are shown in Figure 1B . The mean MIC of rifampin below the breakpoint was 0.0695±0.0276 μg per milliliter among the patients who had a relapse and 0.0453±0.0223 μg per milliliter among those who were cured, which represented a higher value in the relapse group by a factor of 1.53 (95% CI, 1.27 to 1.86; adjusted P<0.001). The likelihood ratio for relapse increased with each increment of MIC, reaching observed likelihood ratios of 3.8 and 6.0 at the two highest rifampin concentrations tested.
For the isolates that had MIC values available for both isoniazid and rifampin, plotting each isolate with both MIC values again suggested a group of highly susceptible isolates that were predominately associated with cure (isolates with concordant low MIC values) and a second group of more resistant isolates that were predominantly associated with relapse (isolates with concordant higher MIC values) (Fig. 1C) .
Models of Relapse Risk
In the univariate models, factors that were associated with an increased risk of relapse were a high MIC of isoniazid or rifampin, a positive 8-week sputum culture, being underweight, cavitation on chest radiography, white race, and bilateral disease. Although the odds ratios for relapse according to the MIC values of isoniazid and rifampin (1.83 and 1.47, respectively) were relatively small, these odds ratios were associated with each MIC increase of 0.01 μg per milliliter, whereas the total range of MIC values that were measured was approximately 10 times this increment. Thus, such calculations led to large odds ratios for large differences in MIC values. The differences in MIC values of both isoniazid and rifampin remained significant in a multivariable model that included only these MIC values as dependent variables (odds ratio for isoniazid, 1.38 [P = 0.002]; and odds ratio for rifampin, 2.14 [P = 0.02]). In a model that included all the variables that were significant in the univariate analysis (all-variable model), the factors that showed an independent association with an increased risk of relapse were a high MIC of iso-Bacterial Factors in Relapse after Tuberculosis Ther apy niazid or rifampin, a positive 8-week sputum culture, and being underweight.
The 8-week culture results are not measurable at or near the time of treatment initiation, which is an undesirable feature for a treatment biomarker. In the all-variable model that excluded the 8-week culture result, cavitation on chest radiography (a radiologic sign of an increased bacterial load) was significantly associated with an increased relapse risk, along with increased MIC values of isoniazid and rifampin and being underweight. Notably, there was no significant association between relapse and receipt of either rifampin or rifapentine in either the univariate model or the multivariable model, a finding that was consistent with the results from the parent study. 10 
ROC Curves for Relapse Risk
We examined the ROC curves for relapse to visualize the trade-off between sensitivity and specificity ( Fig. 2A) Table 2 , and coefficients for select models are shown in Table S5 in the Supplementary Appendix.
Biologic Causes of Variation in MIC Values
To look for the biologic causes of variability in MIC values below the standard resistance breakpoint, we tested the DNA sequence of the 81-bp region of the M. tuberculosis gene encoding the beta subunit of RNA polymerase (rpoB), which is associated with approximately 95% of all rifampin resistance. 18 We also performed whole-genome sequencing of eight isolates with a high MIC value and seven isolates with a low value. However, neither approach identified mutations that explained the observed variation in MIC values 19, 20 (see the Supplementary Appendix). Furthermore, the addition of pump inhibitors to bacterial cultures did not lower the MIC values in isolates with elevated values, as would be expected if the induction of efflux pumps were the cause of the elevated values (Fig. S3 in the Supplementary Appendix). On spoligotyping (i.e., the analysis of polymorphisms in certain repeat units in DNA), there was no significant association between the Beijing strain of M. tuberculosis and the MIC of isoniazid or rifampin (P = 0.21 and P = 0.70, respectively). Shown are the minimum inhibitory concentration (MIC) values of isoniazid (Panel A) and rifampin (Panel B) in Mycobacterium tuberculosis isolates obtained from patients in the development cohort, according to whether the patients were cured or had a relapse after the completion of treatment. The green curve indicates the likelihood ratios for a relapse for each MIC value shown. For MIC values at which no cure or relapse occurred, the absence is indicated by a zero. In Panel A, the likelihood ratio for the highest MIC value is undefined because there were no cures at this value. Panel C shows the MIC values of isoniazid and rifampin, according to cure or relapse status, in a subgroup of isolates in which the MIC values of both isoniazid and rifampin were known. Superimposed symbols have been slightly offset on the x and y axes for clarity. 
B Likelihood of Relapse in Rifampin Group
Validation Cohort
Study Patients
Pertinent clinical and laboratory characteristics of the patients that we examined in our study are shown in Table S6 in the Supplementary Appendix. Factors that were significantly associated with relapse were an older age and an increased severity of disease on radiography, according to the criteria of the National Tuberculosis and Respiratory Disease Association. No patients in the DMID 01-009 study had cavitary disease or positive cultures after 8 weeks of therapy, since these factors were among the exclusion criteria.
Testing Predictive Models
In the validation cohort, the mean MIC of isoniazid below the breakpoint was 0.0380±0.0127 μg per milliliter in patients who had a relapse and 0.0214±0.0061 μg per milliliter in patients who were cured, which represented a higher value in the relapse group by a factor of 1.78 (95% CI, 1.29 to 2.39; adjusted P = 0.002); the corresponding MIC value of rifampin was 0.0459±0.0168 μg per milliliter in the relapse isolate and 0.0258± 0.0114 μg per milliliter in the cure isolate, which represented a higher value in the relapse group by a factor of 1.78 (95% CI, 1.19 to 2.67; adjusted P = 0.006). Furthermore, there was a correlation between the likelihood ratio for relapse and the MIC value ( Fig. 3A and 3B ). Plotting each isolate according to the MIC value of isoniazid and rifampin again suggested that several highly susceptible isolates were predominately associated with a cure and several other more resistant isolates were predominantly associated with a relapse (Fig. 3C) . We used models that had been generated with data from the development cohort to confirm the strong association between higher MIC values and relapse (Table S5 in 
Specificity
T h e ne w e ngl a nd jou r na l o f m e dicine Bacterial Factors in Relapse after Tuberculosis Ther apy of 0.964 (95% CI, 0.903 to 1.00) and 0.929 (95% CI, 0.830 to 1.00), respectively (Fig. 2B) . The use of the development cohort model that featured MIC values of both isoniazid and rifampin with breakpoint thresholds selected to correspond to 75% sensitivity in internal cross-validation provided a specificity of 76.5% (95% CI, 60.0 to 87.6) in the development cohort and a sensitivity of 70.0% (95% CI, 39.7 to 89.2) and a specificity of 100% (95% CI, 78.5 to 100) in the validation cohort for identifying relapse cases.
Discussion
Our results suggest that measurable characteristics of the infecting M. tuberculosis strain are at least as important as clinical, radiologic, and microbiologic features that have been previously associated with relapse in patients with tuberculosis. The validation of our risk models in isolates obtained from patients who had been assigned to receive 4 months of treatment with antituberculosis drugs suggests that MIC measurements may be useful in selecting patients who can be safely treated with shorter-duration regimens. We selected MIC cutoffs for isoniazid and rifampin in the development cohort with the goal of detecting a sensitivity of 75% for relapse, which had a high specificity. However, lower cutoffs could be selected to enhance sensitivity with some loss of specificity if enhanced identification of relapse is desired. Further studies are needed to determine the ideal treatment duration for patients who have been classified as being at high risk for relapse. However, a treatment duration of more than 6 months may be warranted in this group. Our results, combined with the findings of other recent studies showing an association between inadequate drug levels and a worse outcome in patients being treated for tuberculosis, [21] [22] [23] [24] [25] suggest that regimens that include higher-potency drugs at higher doses could be beneficial. Differences in MIC values may also reflect more fundamental differences in the biologic characteristics of the infecting M. tuberculosis strain that were not detected on whole-genome sequencing because of their rarity and variability. With a more in-depth understanding of these factors, treatment may be improved by new antituberculosis agents.
Our study is limited by its relatively small size ‡ The full model includes the MIC values of rifampin and isoniazid, being underweight by 10% or more, cavitation on chest radiography, positive 8-week sputum culture, and randomized study treatment but does not include white race. § The composite model includes being underweight, cavitation on chest radiography, positive 8-week sputum culture, and randomized study treatment. ¶ Receiver-operating-characteristic (ROC) curves for relapse were examined to visualize the trade-off between sensitivity and specificity. The area under the curve (AUC) summarizes the overall biomarker performance in a single number, with 0.5 indicating no difference from chance and 1.0 indicating a perfect biomarker with sensitivity and specificity both equal to 100%.
T h e ne w e ngl a nd jou r na l o f m e dicine and retrospective design. However, we were able to confirm the predictive ability of our models in a validation cohort, an approach that is widely used for validating potential biomarkers. [26] [27] [28] Another limitation of our study is that we could not test the MIC values of drugs in the primary M. tuberculosis culture made directly from the patient's sputum isolate. Instead, isolates were subcultured at least three times before MIC testing. This period of in vitro culture might have allowed isolates to acquire new mutations that altered the MIC values. However, the isolates were not exposed to isoniazid or rifampin during any of these subcultures; thus, it is unlikely that repeated culturing of isolates affected the MIC results. Another potential limitation is that data for patients who were lost to follow-up (20% in Study 22 and 6% in the DMID 01-009 study) or who died were excluded from our analyses. These results could have been competing risks for the primary outcome.
In conclusion, we found that decrements of MIC values of isoniazid and rifampin that were below the standard resistance breakpoint in drugsusceptible M. tuberculosis strains had an influence on treatment outcomes, with the risk of relapse increasing together with the MIC value. In addition, we confirmed these findings in isolates obtained from patients with tuberculosis in a validation cohort. Additional studies that are performed in larger, well-defined prospective cohorts and that include MIC testing of pretreatment culture isolates will be useful to better validate these findings. 
